Thirst is a subjective perception that provides the urge for human and animals to drink fluids and it is important for maintaining body fluid homeostasis and may arise from deficits in either intracellular or extracellular fluid volume. Gamma-aminobutyric acid (GABA) and Angiotensin (Ang) receptors in the brain are involved with thirst, water intake and balance of body liquid. The present study investigated the interaction between Angiotensinergic and GABAergic systems on water intake in adult male rats. Intracerebroventricular (i.c.v.) injections were carried out in all experiments after 24 h deprivation of water intake. After deprivation the volume of consumed water was measured for 1 h. Administration of Losartan (45 µg/rat), Muscimol (0.1 µg/rat) significantly decreased water intake while, i.c.v. microinjection of Bicuculline (1 µg/rat) significantly increased it as compared to Saline-treated controls. I.c.v. microinjection of Muscimol 15 min after Losartan administration decreased water intake significantly, while, i.c.v. microinjection of Bicuculline 15 min after Losartan administration could attenuate increasing effect of Bicuculline on water intake. It is concluded that Angiotensinergic system have interaction with GABAergic system on water intake.
Introduction
Thirst is a subjective perception that provides the urge for human and animals to drink fluids. It is important for maintaining body fluid homeostasis and may arise from deficits in either intracellular or extracellular fluid volume [1] .
Some studies suggest that various factors are instrumental in causing thirst and these factors can be anatomical and hormonal [1] [2] [3] . Anatomical areas like anteroventral region of the third ventricle (AV3V) consists of organum vasculosum lamina terminalis (OVLT), medial preoptic nucleus (MnPO) and anterior preoptic periventricular [1, 4] has extensive connections with areas in the brain stem, hypothalamus and limbic system and they also control water intake, sodium appetite and arterial pressure [4, 5] . AV3V and subfornical organ (SFO) neurons send some signals to involved areas in thirst like hypothalamus through increasing hormones releasing like Arginine vasopressin (AVP) which, are related to thirst [4, 6, 7] . Previous studies indicate that the paraventricular nucleus (PVN) is an important source of excitatory drive for sympathetic vasomotor tone [5, [8] [9] [10] .
Furthermore neural signals arising from osmotic and hormonal influences on the lamina terminalis may be integrated within the brain, with afferent information relayed from intrathoracic baroreceptors via the hindbrain to generate thirst [1] . A functional renin-angiotensin system in the brain seems that it has same effects on cardiac contractility, vasoconstriction, vascular hypertrophy, renal blood flow and sodium transport, release of aldosterone and vasopressin, regulation and maintenance of both blood pressure and water as well as the sodium balance of body fluid [3, [11] [12] [13] [14] . Once released, renin produces Angiotensin I as a cleavage product of angiotensinogen. Angiotensin I is further processed by angiotensin converting enzyme (ACE) into the bioactive Angiotensin II [5, [14] [15] [16] . The actions of Angiotensin II occure through binding to cell surface receptors. Two main subtypes of Angiotensin II receptors have been cloned and are termed the type I (AT1) and type II (AT2) receptors [14, [16] [17] [18] . It is also shown that a number of Ang II sensitive sites located mainly in the anterior hypothalamus [2, 19] .
The rapid and large volume of water drunk and an increase in blood pressure immediately after an injection of Angiotensin II into the cerebral ventricles or the preoptic region of the brain is a clear indication that central angiotensinergic mechanisms could influence thirst [3, 14, [20] [21] [22] . Furthermore, Centrally administered Ang II receptor antagonists are known to eliminate the drinking response [3, 13, 14, 23] . The subfornical organ, a circumventricular structure that lacks a functional blood-brain barrier [4, 21] , is implicated in Angiotensin II-induced drinking and pressor responses [16] . It is likely that AT1 receptors, mainly in the median preoptic nucleus, which is a component of the AV3V region, mediate drinking induced by i.c.v. infusion of Angiotensin II [14, 24] . MnPO neurons are stimulated by angiotensinergic projection originating from the SFO and project towards vasopressinergic and oxytocinergic neurons of the PVN for elicitation of drinking behavior [4, 25] . When Ang II injected directly into these areas, it is shown an increase in water intake followed by an increase of sodium consumption [4, 6, 7, 14] .
GABA is a major inhibitory neurotransmitter in the central nervous system (CNS) of mammalian species with a wide distribution in the brain specially in the hypothalamus [2, [26] [27] [28] . It is known that there are at least three receptor subtypes, namely, GABAA, GABAB and the more recently discovered GABAC receptors in the anterior hypothalamus or the paraventricular and supraoptic nuclei [28] [29] [30] . The GABAA receptor is the main receptor subtype in the CNS, showing predominance over GABAB receptors in most parts of the brain [31, 32] .
In conscious rats, i.c.v. treatment with the GABA or Muscimol (a GABAA agonist) suppressed the pressor responses to Ang II in a dose-dependent and reversible fashion [2, 3, 28, 32] . Experimental findings have shown that GABA and its analogs influence the Ang II-induced drinking and pressor responses through the lamina terminalis along the anterior wall of the third ventricle [2, 3, 33, 34] . It has been demonstrated that the MPO area contains GABA neurons and terminals [34, 35] . GABAergic inputs to the MPO are derived from the OVLT. GABAergic projections from the MPO to the hypothalamic regions are involved in drinking behavior [34] .
According to GABA and angiotensin receptors in the same areas in brain that are involved with balance of body liquid, [2, 36] are scattered, these two systems might have interaction with each other [14, 16, [37] [38] [39] and we wanted to consider the interaction of these systems in water-intake in our experiment.
Studies have shown different effects of GABAergic mechanisms on ingestive behaviors depending on the central area tested [40] .
The thing that is crucial is to consider what are the consequences of summing-up the various effects that different areas in brain have in thirst, when we injected these drugs in form of i.c.v. to animals and how they are seen as well.
In the past agonist angiotensinergic system interaction with agonist and antagonist GABAergic system on water intake has been investigated, but so far the interaction of Losartan, antagonist angiotensinergic system with GABAergic system on water-intake has not been considered, and we tested these matters in present research.
Materials and Methods

Animals
Adult male Wistar rats (200 -250 g) were obtained from the breeding colony of Tarbiat Moallem University of Tehran. Rats were housed three per cage, but one day before test day one per cage, in a temperature (23˚C ± 1˚C) controlled room that was maintained on a 12:12 reversed light cycle (light on at 7:00 a.m.). Rats had unrestricted access to food and water in their home cage. The type of food was pellet and it was purchased from Khorak Dam Pars Co. in Iran.
These animal experiments were carried out in accordance with recommendations from the declaration of Helsinki and the internationally accepted principles for the use of experimental animals.
Surgical Procedures
The rats were anesthetized with ketamine-xylazine (100 mg/kg ketamine, 5 mg/kg xylazine). The skull was leveled between bregma and lambda. A stainless steel 21-gauge guide cannula (0.8 mm) was implanted above the lateral cerebral ventricle using coordinates from the atlas of Paxinos and Watson at least 5 -7 days before testing. The coordinates used were 0.8 mm posterior to the bregma, 1.3 mm lateral to the midline and 3.4 mm below the top of the skull. The cannula was fixed to the skull using one screw and dental acrylic.
Microinjection Procedure
Intracerebroventricular injections were made via guide cannulae with injection needles (27-gauge) that were connected by polyethylene tubing to 10 μl Hamilton microsyringe. The injections (0.5 μl total volume) were delivered over two minutes with a syringe pump, and the injection needles (extending 1.5 mm from the end of the guide cannulae) were left in place an additional minute before they were slowly withdrawn.
Drugs
The drugs included Losartan potassium (Sigma), an angiotensinergic AT1 receptor antagonist, Muscimol (Sigma), a GABAergic GABAA receptor agonist, Bicuculline (Sigma), a GABAergic GABAA receptor antagonist. Losartan and Muscimol were dissolved in Saline and Bicuculline was dissolved in Propylene glycol. The drugs were used i.c.v. in a volume of 0.5 µl/rat.
Experimental Procedure
The experiments were performed in conscious freely moving rats 5 -7 days after brain surgery. 168 adult male rats were divided into 28 groups that each group contained 6 rats. All rats were deprived of water overnight, for 24 h, before each test day and food was available during deprivation but not in test period. The pellet may have a food interaction with thirst, but this condition was similar for all animals, so it has no effect on our results.
After 24 h water deprivation, the drugs were injected i.c.v. over a period of 90s, and water graduated glass cylinders were returned to the cages. Groups with receiving two injections, a control Saline injection followed 15 min later by injection of a drug, or one drug followed 15 min later by another to determine the effect of the first drug on the response to the second. In the control groups with two injections, Saline was injected 15 min before a second administration of Saline. Immediately, after drug administration, water intake was recorded for 1 h by reading from the graduated glass cylinder mounted on the wall of the cages. All experiments did at 9 -11 o'clock and each rat was tested only once.
The proposal was established and approved by the Research and Animal Ethical Committees of Tarbiat Moallem University, Tehran, Iran.
Data Analysis
Data are reported as one way ANOVA followed by Tukey or Dunnett to test statistical significance. Differences were considered significant at p < 0.05.
Histology
Following behavioral testing, animals were sacrificed by decapitation and the brains were removed and fixed in formalin. For histological examination of cannulae and injection placement in the lateral ventricle, 100 μm thick sections were taken and cannulae and injection tracks were examined with light microscopy. Only data obtained from animals whose cannulae and injections were exactly placed in the lateral ventricle were used to analysis. 
Results
Discussion
Our results showed that i.c.v. microinjection of Losartan (45 µg/rat) and Muscimol (0.1 µg/rat) significantly decreased water intake in water-deprived rats as compared to saline treated normohydrated controls while Bicuculline (1 µg/rat) increased. It was also shown i.c.v. microinjection of Muscimol (0.1 µg/rat) 15 min after Losartan (45 µg/rat) decreased water intake significantly, while i.c.v. pretreatment with Losartan 15 min before injection of Bicuculline have no significant effect on water-intake as compared to saline-treated normohy-drated controls.
A functional renin-angiotensin system in the brain seems to play a major role in the regulation and maintenance of both blood pressure and water as well as sodium in the body fluid [3] .
It has been observed that Losartan has an inhibitory effect on renin-angiotensin system and causes decrease of water intake, blood pressure, Na + intake and increase of Na + excretion and imbalance of body fluids [14, 21, 22, 41] .
AT1 receptors affect water intake [16] . There are a high density of AT1 receptors in the subfornical organ, OVLT, median eminence, and area postrema [13, 14] . The blood-born Ang II acts both as a circulating signal through receptors in the circumventricular organs and as a neurotransmitter in several areas of the hypothalamus and medulla [5] . It has been indicated that these areas play a major role in water intake and the balance of body fluids [14, 16] , so Losartan as AT1 receptor antagonist could decreases water intake.
Alternatively, it is possible that the likely antagonism by Losartan of the pressor action of peripheral Ang II could have diminished the access of Ang II itself to the SFO [21] and as a result induces water intake decreasing. Pathways from AV3V area to the PVN appear to be a major link in sympathoadrenal nervous system activation [42] [43] [44] . The descending pathways from the PVN increase blood pressure through increasing of Epinephrine, Norepinephrine and Aldosteron [44, 45] . It seems that Losartan could block these excitatory impulses and also it has an inhibitory effect on sympathoadrenal system and therefore falls blood pressure.
Hypovolemia, Ang II, aldosteron and antidiuretic hormone (ADH) increase blood pressure and stimulate volume receptors and baroreceptors and make inhibitory impulses to the thirst centers decrease and so water intake increases [13] . Cardiopulmonary baroreceptors stimulation plays an important role in drinking behavior because the PVN receives baroreceptor input [21] . The circulating Ang II can influence the excitability of PVN neurons through synaptic connections with circumventricular organs that lack a normal blood-brain barrier [5] . The supraoptic nucleus (SON) and PVN nuclei to respond to i.c.v. injections of Ang II with an increase of a neuronal firing pattern typical for AVP release [2, 46] . I.c.v. microinjection of Losartan can access to these nuclei and causes drinking inhibition by effect on recaptors and decreased AVP. Also it could block AT1 receptors in circumventricular organ [2, 13, 21] , therefore excitatory impulse can't be sent to PVN, as a result the release of AVP and water intake will be decreased.
ADH (or AVP) may change the threshold to the onest of drinking in response to cellular dehydration and other thirst stimuli [13] .
The vasopressine are made up of three receptor subunits: V1a, V1b and V2 [47] [48] [49] . The V1b receptor is known to stimulate the release of adrenocorticotropin hormone, which stimulates the release of aldosterone hormone that result in increasing Na + reabsorption, blood pressure and water intake [48, 50] . The V2 receptor which is in kidneys has critical role to fluid homeostasis [49, 51] .
It seems hypovolemia and/or sodium depletion or intracranial Ang II induced highly localized expression of c-Fos in areas known to be involved in Ang II-induced drinking, including SFO, OVLT, as well as in MnPO and PVN nuclei [5, 13] . Fos-immunoreactivity (Fos-ir) may be caused at least in part by circulating Ang II reaching the SFO or other brain regions involved in thirst lack a tight blood-brain barrier [13, 21] . Water intake is stimulated due to Fos expression in these areas.
Injection of Losartan blocked Angiotensinergic system through AT1 receptors [14, 21] and also prevents induction of Fos-ir and as a result of that causes water intake decrease [13] .
According to above reasons, Losartan significantly decreased water intake in the water-deprived rats as compared to saline treated normohydrated controls.
In the second experiment was shown that GABA and Muscimol could reduce water intake. The GABA exerted its inhibitory action on a circumventricular organ, most likely the paraventricular nucleus [2, 36] . So this matter reveals that stimulation of GABAA receptors in these areas considered as an inhibitory arousal but these effects are not seen in GABAB receptors [34] . This inhibitory effect is reversed by pretreatment with the GABAA receptor antagonist Bicuculline [32] . GABAergic stimulation approaches membrane potential to resting level [53] . So causes inhibitory of Angiotensinergic and Vasopersinergic neurons stimulation.
It is shown that circumventricular organ have inhibitory projection to MPO nucleus [34] . GABAergic projections from the MPO also inhibit the excitability of both vasopressin-and oxytocin-secreting cells in the PVN and SON [34, 54] and consequently cause AVP release and water-intake decrease.
When rats became deprived from water for 24 hours, the amount of Angiotensin II rises in them due to lack of water and body fluid imbalance, so animal desires to drink water while Muscimol injection could inhibit this process [2, 32] . Some of researchers suggested that i.c.v. injection of Muscimol could induce a fall in blood pressure [44, [55] [56] [57] ] by 2 ways: 1) prevention of Na + reabsorption that it is caused to decrease water intake and blood pressure [2] ; 2) Muscimol could stimulate the inhibitory GABAergic function in PVN that it could decrease AVP release, water intake [44, 57] and also exert a tonic inhibitory effect on sympathoadrenal system activity, as a result of blood pressure fall [44, [57] [58] [59] .
Inhibition of GABAA receptors by Bicuculline also elicits an increase in sympathetic outflow and blood pressure [44, 57, [60] [61] [62] and stimulates baroreceptors, as a result water intake increases.
In the 4 and 5 experiments have been shown that i.c.v. injection of Muscimol 15 min after losartan administration decreased water intake significantly, while i.c.v. injection with Losartan 15 min before injection of Bicuculline have no significant effect on water intake.
Unger et al. showed that stimulation of GABAergic receptors in the brain inhibited all the central actions of Ang II investigated: pressor effect, drinking responses and release of AVP from the pituitary gland [3, 40] . Also they indicated that the GABA interactions with central angiotensin pressor pathways are specific. GABAergic stimulation has less or little effect on other peptidergic pressor responses [2, 33] .
The previous information showed that excitation of Ang system increases AVP release [3, 63] . The suppression of AVP release by GABAergic stimulation may be responsible for at least part of its reduction of the pressor responses to i.c.v. Ang II [2, 64] .
Some of findings have clearly shown that the MPO is an important site for the GABAergic control of the dipsogenic action produced by Ang II [34, 35] . GABAergic synaptic input tonically inhibits the firing activity of PVN presympathetic neurons [8, 10, 65] . Ang II activates presynaptic AT1 receptors to increase the firing of PVN outputs neurons through inhibition of GABA release (disinhibition) [66, 67] . Ang II attenuates GABAergic input to PVN presynaptic neurons by reactivated oxygen species (ROS), especially superoxide anions [5, 68] through inhibition of synaptic synaptosomal-associated protein 25 (SNAP25) on the presynaptic terminal [69] . Ang II in PVN neurons produces ROS that it can inhibit synaptic GABA release [5, 70] . Activation of AT1 receptors by Ang II causes activation Gi/o proteins and stimulation of NADPH oxidase [71] . Gi/o proteins contribute to presynaptic inhibition of GABA release to PVN pre-sympathetic neurons by Ang II [5] .
To agree with above literature, the present results are fully depicting the fact. According to increasing effect of Bicuculline on water intake, i.c.v. injection of Bicuculline 15 min after Losartan administration could attenuate the inhibitory effect of Losartan on water intake.
In other words, i.c.v. pretreatment with Losartan 15 min before injection of Bicuclline could attenuate increasing effect of Bicuculline on water intake.
The present data indicated that Angiotensinergic and GABAergic systems have a close interaction in the water intake mechanisms, but clearly further studies are needed to understand better how these systems contribute together.
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